Dounskaia N, Nogueira KG, Swinnen SP, Drummond E. Limitations on coupling of bimanual movements caused by arm dominance: when the muscle homology principle fails. J Neurophysiol 103: 2027-2038, 2010. First published January 13, 2010 doi:10.1152/jn.00778.2009. Studies of bimanual movements typically report interference between motions of the two arms and preference to perform mirror-symmetrical patterns. However, recent studies have demonstrated that the two arms differ in the ability to control interaction torque (INT). This predicts limitations in the capability to perform mirror-symmetrical movements. Here, two experiments were performed to test this prediction. The first experiment included bimanual symmetrical and asymmetrical circle drawing at two frequency levels. Unimanual circle drawing was also recorded. The increases in cycling frequency caused differences between the two arms in movement trajectories in both bimanual modes, although the differences were more pronounced in the asymmetrical compared with the symmetrical mode. Based on torque analysis, the differences were attributed to the nondominant arm's decreased capability to control INT. The intraarm differences during the symmetrical pattern of bimanual movements were similar (although more pronounced) to those during unimanual movements. This finding was verified in the second experiment for symmetrical bimanual oval drawing. Four oval orientations were used to provide variations in INT. Similar to the first experiment, increases in cycling frequency caused spontaneous deviations from perfect bimanual symmetry associated with inefficient INT control in the nondominant arm. This finding supports the limitations in performing mirror-symmetrical bimanual movements due to differences in joint control between the arms. Based on our results and previous research, we argue that bimanual interference occurs during specification of characteristics of required motion, whereas lowerlevel generation of muscle forces is independent between the arms. A hierarchical model of bimanual control is proposed.
I N T R O D U C T I O N
Studies of bimanual movements (i.e., involving simultaneous motion of the two arms) typically report a spontaneous tendency for temporal and spatial coupling of the arms, with a preference for performing mirror-symmetrical movements (e.g. Byblow et al. 1999; Carson 1995; Kelso 1984; Kelso et al. 1979; Marteniuk and MacKenzie 1980; Semjen et al. 1995; Swinnen et al. 1997 Swinnen et al. , 1998 . For instance, if simultaneous drawing of two different contours is required, the shapes of the two contours tend to acquire similarity (e.g., drawing of two ovals instead of a circle and a line), demonstrating a "spatial magnetic effect" (Franz et al. 1991; Walter et al. 2002) . If the same contours but of different sizes need to be drawn, there is a tendency to decrease the size of the larger contour and to increase the size of the smaller contour (Heuer et al. 1998; Sherwood 1991; Swinnen et al. 2001) . Even production of the same movements in the two arms but in a nonsymmetrical pattern of coordination, or with different timing of muscle activation, is characterized by increased variability and transitions to the symmetrical pattern (Byblow et al. 1999; Kelso 1984; Semjen et al. 1995; Summers et al. 1993; Zanone and Kelso 1992 ).
These and many other studies suggest that mirror-symmetrical movements are the most favorable and easy to perform bimanual patterns. However, recent findings have revealed a natural difference in control of the dominant and nondominant arm movements (for review, see Sainburg 2005) . In particular, the two controllers differ in their ability to provide intralimb coordination. This coordination requires control of passive intersegmental dynamics represented primarily by interaction torque (INT) that emerges at each joint involved in movement. The dominant arm is more proficient in controlling the effect of INT than the nondominant arm. Therefore unimanual performance of identical tasks differs between arms in terms of hand trajectory, preferred movement speed, muscle activity, and characteristics of joint motions (Annett et al. 1979; Bagesteiro and Sainburg 2002; Haaland et al. 2004; Heuer 2007; Sainburg 2002) . This finding from unimanual control predicts that the difference between the arms in intralimb coordination interferes with interlimb coordination during bimanual movements and, in particular, imposes limitations on performance of symmetrical patterns.
Marked deterioration of performance in the nondominant compared with the dominant arm during nonsymmetrical coordination patterns has frequently been described (Carson et al. 1997; Li et al. 2009; Peters 1981; Semjen et al. 1995) . Some studies have also reported differences during symmetrical coordination. For example, Byblow et al. (1999) and Carson et al. (1997) observed stronger distortions of the circular shape in the nondominant arm compared with the dominant arm during both symmetrical and asymmetrical bimanual circle drawing. Other studies revealed differences in timing between the two arms (Martenuik et al. 1984; Spijkers et al. 1994; Swinnen et al. 1996) . However, the destructive effect of arm dominance on symmetrical coordination has never been systematically studied, probably because the dramatic destabilization of nonsymmetrical relative to symmetrical patterns occupied principal attention. The present study fills in this gap, focusing on the influence of distinct INT control in the dominant and nondominant arms on performance of bimanual movements. We hypothesize that differences in intralimb coordination between both limbs cause destabilization of symmetrical movements and this effect is even more pronounced during asymmetrical movements.
Two experiments were performed to test this hypothesis. Experiment 1 included bimanual circle drawing according to symmetrical and asymmetrical coordination modes performed at moderate to high levels of cycling frequency. Manipulations of coordination pattern and movement speed have typically been used in bimanual movement studies to demonstrate the tendency toward mirror symmetry. Based on previous research, it was predicted that the asymmetrical mode would show increased variability in bimanual coordination compared with that of the symmetrical mode and this difference would be more pronounced at higher frequency levels (Byblow et al. 1999; Carson et al. 1997; Kagerer et al. 2003) .
In addition to the well-recognized decreases in stability during asymmetrical coordination, symmetrical coordination was also predicted to deteriorate with increases in cycling frequency, although to a lesser extent. More specifically, increases in cycling frequency were predicted to amplify INT (because this torque depends on angular velocity and acceleration at the joints) and thus demands for INT regulation with muscle torque (Dounskaia et al. , 2002a . Accordingly, the deficient control of INT in the nondominant arm compared with the dominant arm would become more apparent with increases in cycling frequency, resulting in spontaneous deviations from perfect mirror-symmetrical coordination. To further investigate the predicted degeneration of the symmetrical coordination pattern, experiment 2 included symmetrical drawing of various oval shapes, characterized by distinct requirements for interaction torque regulation.
E X P E R I M E N T 1
Methods PARTICIPANTS AND PROCEDURES. Thirteen right-handed students (7 males and 6 females, mean ϭ 27 yr, SD ϭ 6 yr) from the Arizona State University campus participated in this study. Following a description of the experiment, each participant signed an informed consent form approved by the Human Subjects Institutional Review Board (IRB) of Arizona State University.
Participants were seated comfortably in a chair with a table positioned in front of them. They moved the arms in the horizontal plane above the table while the index fingers contacted the table. Two slings suspended from the ceiling supported the upper arms in the horizontal plane and reduced the effect of gravity, thus preventing muscle fatigue. Movements were limited to shoulder and elbow rotations to allow the use of a planar two-degree-of-freedom model for computation of an arm's inverse dynamics. With this purpose, the trunk was immobilized by constraining it between the chair and table edge. Minimal shoulder motion during movement performance was confirmed by computation of SD of shoulder position averaged between the mediolateral and anteroposterior directions. The average SD across participants was 6.5 mm. The wrist was immobilized with a splint that aligned the hand with the forearm. Participants were instructed to perform bimanual circle drawing using their extended index fingers on the table.
Two dots (black circles of 1-cm diameter) depicted on the table specified the centers of the circles to be drawn. The dots were positioned symmetrically relative to the body midline at 28 cm from the trunk and 20 cm away from each other. A sample of a 15-cm-diameter circle was shown to participants at the beginning of the experiment but not during task performance. Participants were instructed to draw similar circles around the two dots simultaneously with the two index fingers. The fingertips did not leave any visible traces on the table surface. Two patterns of bimanual coordination were used: symmetrical and asymmetrical. The symmetrical pattern included clockwise motion of the nondominant arm and counterclockwise motion of the dominant arm. This pattern required mirror-symmetrical motion at the homologous joints and thus homologous muscle activation. The asymmetrical pattern included clockwise motion of both arms, during which homologous muscle activation was not performed. In addition, unimanual circle drawing was also included to compare the effect of arm dominance between the symmetrical and unimanual modes of performance. Unimanual circle drawing was performed in the mirror-symmetrical directions: i.e., clockwise by the nondominant arm, counterclockwise by the dominant arm.
Movements were paced by an auditory metronome at two frequency levels, 1.5 and 2.5 Hz, referred to as slow and fast, respectively. Each trial was initiated by a verbal "go" instruction. After one or two movement cycles, the experimenter initiated data recording that lasted for 12 s. Two trials were performed for each combination of the coordination pattern and cycling frequency. Practice trials were performed for familiarization with the task prior to data collection. The sequence of the three movement performance modes (the two bimanual coordination patterns and unimanual performance) and the two frequency levels were counterbalanced across participants.
APPARATUS, DATA RECORDING, AND ANALYSIS. Data were collected using an Optotrak 3D motion recording system at a 100-Hz sampling rate. The system was calibrated according to the manufacturer's instructions prior to data collection. Seven infrared markers were placed on the trunk (sternum), shoulder joints, elbow joints, and index fingernails of both arms. The marker data were dual passed through a second-order Butterworth filter (fourth-order) with a low-pass cutoff frequency of 7 Hz prior to further data processing. Only positional data in the horizontal plane were used since movements were constrained to this plane: the x component was defined as the mediolateral direction and the y component as the anteroposterior direction.
The data obtained from the markers were used to determine fingertip trajectories and changes in elbow and shoulder angles throughout each trial. Increases in values of angular displacements corresponded to flexion at each joint. Angular velocities and accelerations were computed as the first and second derivatives of joint angles, respectively. The derivation was performed with use of a standard Matlab procedure. Cycles of each arm movement were determined within each trial, using as landmark the maximal values of the y-coordinate of the fingertip trajectory. Movement frequency was calculated for each trial as the inverse of averaged cycle duration.
Bimanual coordination was assessed by comparing the progression around the circle within each cycle between the two fingertips. With this purpose, tangential angles of the two fingertip trajectories were calculated (Carson et al. 1997 ). The tangential angles were computed such that ideal symmetrical bimanual circle drawing resulted in equal tangential angles of the left and right trajectories. Tangential angles monotonically increased from 0 to 360°within each cycle of circle drawing. To eliminate the discontinuity at the beginning of each cycle, continuous signals sin (␣ r ) and sin (␣ l ) were used, where ␣ r and ␣ l are the tangential angles at the right arm and left arm, respectively. Continuous relative phase was computed between the two fingertip motions as a difference between phases of sin (␣ r ) and sin (␣ l ). The phase of each motion was computed using the formula i ϭ arctan (x i /⌬x i ) proposed by Schmidt et al. (1992) . Here x i is the derivative of sin (␣) at sample i, divided by mean frequency, and ⌬x i is the value of sin (␣) at this sample. Target values of relative phase were 0°during the symmetrical pattern and 180°during the asymmetrical pattern. The quality of bimanual coordination was assessed by means of the SD that represented variability of the relative phase around its mean value and absolute error (AE) that characterized the unsigned deviation from the instructed coordination pattern. The latter characteristic was computed as AE ϭ (1/n)͉ ¥ ( i Ϫ T ) ͉, where T is the target relative phase (0 or 180°), i is relative phase at sample i, and n is the number of samples in the trial. Ideal performance referred to SD and AE equal to 0°. Circular statistics methods were used to calculate the mean and SD of angular characteristics (Mardia 1972) .
Deviation of the fingertip trajectories from circular shapes was evaluated by computing the mean aspect ratio-i.e., the ratio between the largest diameter and the perpendicular diameter computed within each cycle and averaged across all cycles within the trial. Aspect ratio values close to 1.0 indicated drawing of a circular shape, whereas larger values expressed deformation of the circular shape into an oval.
Torques exerted at the shoulders and elbows were calculated with the usage of dynamic equations described in Dounskaia et al. (2002a) as torque partitioning I. Three torques were computed at each joint: interaction torque (INT), generalized muscle torque (MUS), and net torque (NET). INT represented the effect of passive interactions between the arm segments. MUS primarily represented the effect of muscle activity, although it also included the influence of viscoelastic properties of tissues surrounding the joint. NET was the resultant torque proportional to joint angular acceleration: NET ϭ INT ϩ MUS. Gravitational torque was not taken into account because it was assumed to be equal to zero, given that the movements were performed in the horizontal plane. Anthropometric data (segment masses, locations of mass center, and moments of inertia) used in the equations were estimated on the basis of the participant's weight and height, using statistical data (Chaffin and Anderson 1984) .
The torque data were used to assess the interplay of MUS with INT in each arm. A MUS index was computed that quantifies the role of MUS in the generation of NET (Dounskaia et al. 2002a; Lee et al. 2007 ). The MUS index changes between 0.0 and 1.0; i.e., the index is equal to MUS/NET when MUS and NET have the same sign and MUS Ͻ NET. Taking into account that NET is proportional to angular acceleration, the index is assigned the value of 1.0 when MUS Ͼ NET. This value signifies that the joint is accelerated solely due to MUS, whereas INT resists this acceleration. Finally, the index is set equal to 0.0 when MUS and NET are opposite in sign, showing that MUS does not contribute, but rather resists, joint acceleration. Thus the values near 1.0 signify the dominant role of MUS in the NET production, whereas values close to 0.5 indicate that both MUS and INT contribute to generation of joint motion. The index was computed for each time moment and averaged within each movement cycle and across all cycles of each trial. STATISTICAL ANALYSES. Bimanual coordination was analyzed by applying a 2 ϫ 2 (mode ϫ frequency) repeated-measures ANOVA to AE and SD of relative phase. The mode factor corresponded to the two bimanual modes (the symmetric and asymmetric coordination patterns) and the frequency factor to the low-and high-frequency levels (slow and fast movements). Characteristics of movement of each arm (aspect ratio and the shoulder and elbow MUS indices) were compared between the two bimanual modes, using a 2 ϫ 2 ϫ 2 (arm ϫ frequency ϫ mode) repeated-measures ANOVA. In addition, a 2 ϫ 2 (arm ϫ frequency) repeated-measures ANOVA was applied to data from the symmetrical mode only, since differences between the two arms and their dependence on frequency in this mode are of particular interest for the present study. Since this analysis was applied to the same symmetrical mode data as in the analysis of the two bimanual modes, the significance level was set at P Ͻ 0.025. A 2 ϫ 2 ϫ 2 (arm ϫ frequency ϫ mode) repeated-measures ANOVA was also used to compare differences between the dominant and nondominant arm revealed in the symmetrical mode with those in the unimanual mode. The significance level was set at 0.05 in this analysis. BIMANUAL COORDINATION. Bimanual coordination was examined by computing AE and SD of the relative phase ( Fig. 1 ). All main effects and interactions were significant. The effects of mode [F(1,11) ϭ 41.5, P Ͻ 0.001 for AE and F(1,11) ϭ 32.7, P Ͻ 0.001 for SD] and frequency [F(1,11) ϭ 23.5, P Ͻ 0.01 for AE and F(1,11) ϭ 16.4, P Ͻ 0.01 for SD] indicated that coordination error and variability were higher during asymmetrical than during symmetrical coordination and during fast than during slow movements. Furthermore, increases in cycling frequency affected the asymmetrical coordination pattern to a greater extent than the symmetrical pattern, as revealed by significant pattern ϫ frequency interactions [F(1,11) ϭ 13.6, P Ͻ 0.01 for AE and F(1,11) ϭ 17.0, P Ͻ 0.01 for SD].
Results
Although the obtained results are similar to commonly reported changes in stability of bimanual coordination, it is noteworthy that the increases in movement speed caused not only a significant destabilization of the asymmetrical but also of the symmetrical pattern. This was confirmed by a pairedsamples t-test applied to the data obtained in the symmetrical pattern at the two levels of frequency. With the significance level set at 0.025, increases in relative phase AE were significant (t ϭ Ϫ2.6, P ϭ 0.025) and increases in relative phase SD approached significance (t ϭ Ϫ2.29, P ϭ 0.04). One possible reason for the observed destabilization of the symmetrical pattern is that movement at each arm became noisier when speed increased. Another possible reason is that there were consistent differences in motion and control between the dominant arm and the nondominant arm that became more pronounced at higher movement speed. The latter possibility was examined next by analyzing characteristics of motion and control in each arm during the two bimanual coordination patterns.
DOMINANT AND NONDOMINANT ARM TRAJECTORIES. A representative example of movement trajectories during the two bimanual modes is shown in Fig. 2 . The trajectory of the dominant arm was close to a circular shape in all conditions. The nondominant arm, however, showed a tendency toward distortion of the circular shape, resulting in tilted-oval trajectories. Although this tendency was more pronounced during the asymmetrical mode, it was also apparent during the symmetrical mode. It was enhanced in both modes at higher speed. This observation was verified by analysis of the aspect ratio of movement trajectories. Circular trajectories are characterized by aspect ratios close to 1.0, whereas larger values indicate deformation of the circles into ovals. Figure 3A shows that in both bimanual modes, deviations from the circular shape were consistently higher in the nondominant arm than in the dominant arm and during fast than during slow movements. The aspect ratio did not differ between the two modes in the dominant arm, but it was higher during the asymmetrical compared with symmetrical coordination in the nondominant arm compared with the dominant arm. These observations were confirmed by a 2 ϫ 2 ϫ 2 (arm ϫ frequency ϫ mode) ANOVA. As shown in Table 1 , the main effects of arm and frequency and the arm ϫ frequency and arm ϫ mode interactions were significant. To verify that the differences between the arms in the produced shapes were present in the symmetrical coordination and not only in the asymmetrical coordination, a 2 ϫ 2 (arm ϫ frequency) ANOVA was applied to the symmetrical pattern only. A significant arm effect (P Ͻ 0.001) confirmed that trajectories of the nondominant arm deviated from the circular shape more than trajectories of the dominant arm in this particular condition. The frequency main effect was also significant (P Ͻ 0.001). The interaction did not reach the significance level (P ϭ 0.052).
MUS INDEX. To examine whether the shape deformation in the nondominant arm was associated with a distinct pattern of INT control, the MUS index was computed at the shoulder and elbow. The MUS index provides assessment of the relative contribution of MUS to NET. Values close to 1.0 indicate that the dominant source of joint motion was MUS that suppressed INT and created NET. Values substantially Ͻ1.0 indicate that INT extensively contributed to joint acceleration. Figure 3 , B and C shows that in both bimanual modes, shoulder motion was predominantly under MUS control and INT was an important contributor to elbow acceleration/deceleration in all movement conditions. There were small but significant variations in this joint control pattern between the two arms and the two frequency levels (Table 1) . In both modes, the shoulder MUS index decreased in the nondominant arm compared with the dominant arm and during fast compared with slow movements. The lower values indicate weaker MUS control and increased influence of INT in these conditions. The elbow MUS index was higher (i.e., the INT contribution was lower) in the nondominant arm compared with the dominant arm and during fast compared with slow movements. Although interactions were not significant, the three-factor interaction was close to the significance level (P ϭ 0.039), which corresponded to a FIG. 1. Absolute error (AE) and SD of relative phase during symmetric and asymmetric circle drawing. AE of relative phase characterizes deviations from the required coordination pattern. SD of relative phase represents the level of pattern instability. Increases in cycling frequency caused deviations from the required coordination patterns and increases in their instability. Although these effects were specifically pronounced for the asymmetric pattern, they were also apparent for the symmetrical pattern. FIG. 2. Examples of circle drawing trajectories of the right (dominant) and left (nondominant) hands produced by a single participant in the 2 coordination patterns at the 2 frequency levels. The trajectories of the dominant and nondominant hands are shown with black and gray color, respectively. Whereas the dominant arm trajectory was fairly circular in all conditions, the nondominant hand showed a tendency toward deformation of the circle into an oval, specifically during fast movements. Although this tendency was more pronounced during the asymmetrical pattern, it was also apparent during the symmetrical pattern. specific increase in the elbow MUS index in the nondominant arm during the asymmetric mode at high movement speed (Fig.  3C) . The analysis applied to the symmetrical mode revealed a significant arm effect only for both the shoulder MUS index (P ϭ 0.007) and the elbow MUS index (P ϭ 0.014), confirming that the two MUS indices were different between the two arms not only in the asymmetrical mode but also in the symmetrical mode. The frequency main effect and the interaction were not significant for either of the indices.
COMPARISON OF THE SYMMETRICAL AND UNIMANUAL MODES. The aforementioned analysis demonstrated that symmetrical coordination was destabilized with increases in movement speed similar to asymmetrical coordination, although to a lesser extent. The destabilization was associated with deterioration of intersegmental dynamics control in the nondominant arm that resulted in a trajectory shape different from that produced by the dominant arm and thus loss of bimanual symmetry. To verify whether the revealed deteriorations of joint control in the nondominant arm was of the same nature as that reported previously in studies of unimanual movements (Sainburg 2005) , we compared arm movement characteristics between the symmetrical and unimanual mode. Figure 4A shows that the differences between the two arms in the aspect ratio were similar in the two modes, although they were more pronounced in the symmetrical than that in the unimanual mode. The aspect ratio was significantly higher in the symmetrical than that in the unimanual mode, in the nondominant arm than in the dominant arm, and during faster than during slower movements ( Table 2 ). The arm ϫ frequency and arm ϫ mode interactions were also significant, showing that the difference between the arms was stronger during higher than that duting lower speed and in the symmetrical than that in the unimanual mode. Corresponding variations across conditions were found in the shoulder and elbow MUS indices (Fig. 4 , B and C). All three main effects were significant for the shoulder MUS index (Table 2) , pointing to decreased MUS control at this joint in the nondominant arm, at higher speed, and in the symmetrical mode compared with the dominant arm, lower speed, and the unimanual mode, respectively. In addition, the arm ϫ mode interaction was significant, showing that the decreases in MUS control at the shoulder in the nondominant arm were more pronounced during the symmetrical than that during the unimanual mode. The only significant result for the elbow MUS index was its higher values in the nondominant arm than those in the dominant arm.
Discussion
Results for experiment 1 with respect to the asymmetrical condition were consistent with previous research revealing dramatic deterioration of nonsymmetrical coordination with increases in movement speed. Previous studies have usually focused on this finding, concluding that symmetrical movements are inherently stable and nonsymmetrical movements are inherently unstable. However, our results demonstrated coordination destabilization during the symmetrical condition as well, although it was less apparent than that during the asymmetrical condition.
The presence of a consistent factor that destabilized symmetrical coordination became obvious when trajectories were compared between the dominant and nondominant arms. As the aspect ratio analysis demonstrated, shapes produced by the dominant arm were close to a circle, whereas those produced by the nondominant arm were deformed into tilted ovals. FIG. 3. Characteristics of arm movements during the 2 bimanual modes: (A) aspect ratio, (B) shoulder muscle torque (MUS) index, and (C) elbow MUS index. Increases in the aspect ratio signify deviations from circular shape. The deformation of the circular shape was minor in the dominant arm, but was significant in the nondominant arm, especially during fast movements. These differences between the arms were present in the symmetrical mode, although they were less apparent than in the asymmetrical mode. The increases in the aspect ratio in the nondominant arm were accompanied by decreases in the shoulder MUS index and increases in the elbow MUS index that signified deterioration in muscular control of intersegmental dynamics. In this and the other figures, the vertical bars signify SE. Although increases in frequency caused deviations from the circular shape in both arms, this effect was more pronounced in the nondominant arm than that in the dominant arm. Consistent with the result for relative phase, the deterioration in the trajectory shape in the nondominant arm was stronger in the asymmetrical than that in the symmetrical mode, probably due to the increased task complexity, i.e., the requirement to simultaneously produce distinct joint motions in the two arms. We used the MUS index analysis to investigate changes in control of the arm's joints that resulted in the deformation of the trajectory shape. The MUS index was different between the shoulder and elbow in all movement conditions, pointing to distinct roles of MUS and INT in the two joints during circle drawing. Values of the index near 1.0 recorded at the shoulders signified that this joint was accelerated/decelerated actively via MUS, whereas INT was predominantly suppressed. Shoulder motion caused elbow INT that participated in generation of elbow motion, as inferred from the lower values of the index obtained at the elbows. A similar organization of shoulder and elbow control during circle drawing with the dominant arm was reported by Dounskaia et al. (2002b) . An interpretation offered in that study was that shoulder MUS suppressed INT and generated motion, whereas elbow MUS adjusted motion caused by INT to provide the circular trajectory.
Although this control pattern was common in all conditions, the shoulder MUS index was decreased and the elbow MUS index was increased in the nondominant arm compared with the dominant arm in both bimanual modes. The increases in the elbow MUS index in the nondominant arm were specifically high in the asymmetrical mode during fast movements. These results show that control of intersegmental dynamics was less effective in the nondominant arm than that in the dominant arm during the symmetric mode and this deficiency was even more pronounced during the asymmetric mode; that is, suppression of INT with MUS in the nondominant arm was consistently insufficient at the shoulder and excessive at the elbow.
A reduced ability of the nondominant arm to control the effect of INT has been reported in studies of unimanual movements (Sainburg 2005; Sainburg and Kalakanis 2000) . To verify the similarity of the differences between the two arms revealed here during bimanual movements with those reported by Sainburg and colleagues, we compared the aspect ratio and MUS indices between the symmetrical and unimanual mode. The trends in the interarm differences were similar in the two modes, confirming that these differences had the same source during bimanual and unimanual movements-i.e., the reduced ability of the nondominant arm to control intersegmental dynamics. However, the deficiency of joint control in the nondominant arm was amplified in the symmetrical mode. Apparently, the requirement to simultaneously produce movements in the two arms caused additional deterioration of performance in the nondominant arm compared with unimanual movements. This bimanual effect may have been caused, for instance, by limitations in division of attention between the two arms (Peters 1981; Swinnen et al. 1996; Zanone et al. 2001) .
The obtained results demonstrated that the differences between both arms in control of intersegmental dynamics, as revealed by Sainburg and colleagues during unimanual movements, were also present and even enhanced during bimanual circle drawing when symmetrical arm movements were required. The interarm differences were even more pronounced during the asymmetrical pattern of bimanual movements. Although the disruptive effect of nondominant arm motion on nonsymmetrical bimanual coordination patterns has been recognized (Carson et al. 1997; Li et al. 2009; Peters 1981; Semjen et al. 1995) , its impact on symmetrical coordination has largely been ignored. The present results are important because they reveal a spontaneous tendency for movements in FIG. 4. Characteristics of arm movements during the symmetrical and unimanual modes: (A) aspect ratio, (B) shoulder MUS index, and (C) elbow MUS index. The differences between the dominant and nondominant arms and the influence of frequency increases were similar in the 2 modes, although they were more pronounced in the symmetrical than in the unimanual mode. 
Introduction
Experiment 2 included bimanual drawing of ovals with four distinct orientations: mediolateral, parasagittal, inside-diagonal, and outside-diagonal (Fig. 5) . The four oval orientations required shoulder and elbow motions of various amplitudes and modulations in interjoint phase off-set, providing variations in INT control (Dounskaia et al. 2002b) . Only the symmetrical bimanual coordination mode was studied. Differences between the shapes produced by the dominant and nondominant arms were examined as well as whether these were associated with a decreased ability of the nondominant arm to regulate the INT effect. Cycling frequency was manipulated to vary INT magnitude and thus the demands for interference of MUS with INT.
Based on the results of experiment 1, it was predicted that the nondominant arm would exhibit stronger shape deformations than the dominant arm, specifically during fast movements. Furthermore, the shape deformations would be accompanied with a tendency to decrease the shoulder MUS index and to increase the elbow MUS index, thus demonstrating deficient exploitation of INT in the nondominant arm. These results would support the conclusion of experiment 1 that there is an inherent tendency to deviate from the symmetrical coordination pattern as a result of differences in joint control between the two arms, due to nonefficient coordination of intersegmental dynamics in the nondominant arm.
Methods
Thirteen healthy right-handed participants (5 males and 8 females, mean age 22.1 Ϯ 3.2 yr) were recruited and informed consent was obtained (approved by the Human Subjects IRB of Arizona State University).
Methods were similar to those in experiment 1 and are thus presented only briefly. Participants performed bimanual drawing movements, moving the fingertips on a horizontal table with their upper arms supported by slings. The trunk and the wrists were immobilized, limiting motion to rotations at the shoulders and elbows. The task was to cyclically draw mirrorsymmetrical ovals (with respect to the participant's midline) according to one of the four orientations shown in Fig. 5 : mediolateral, parasagittal, inside-diagonal, and outside-diagonal. The aspect ratio of the ovals was 2.0, i.e., the ratio of the major axis to the minor axis was 2:1. The length of the major axis was 18 cm. A sample of the oval of one of the four orientations was presented at the side of the table during each trial. Participants were instructed to reproduce the template shapes while drawing ovals around two dots depicted on the table. The locations of the dots were the same as those in experiment 1. The bimanual movements were performed in the symmetrical mode, with the dominant arm moving in the counterclockwise direction and the nondominant arm in the clockwise direction. Movements were paced with a metronome at cycling frequencies of 1.4 and 2.4 Hz, representing slow and fast movement speed conditions, respectively. Motion of the fingertips and rotations at the shoulders and elbows were recorded similar to experiment 1, with the only difference that data were collected at 200 Hz.
Relative phase AE and SD, aspect ratio, and the shoulder and elbow MUS indices were computed. A 4 ϫ 2 (orientation ϫ frequency) ANOVA with repeated measures was applied to relative phase AE and SD data. The other characteristics were obtained separately for each arm, resulting in a 4 ϫ 2 ϫ 2 (orientation ϫ arm ϫ frequency) ANOVA with repeated measures. Post hoc testing that included Bonferroni multiple comparisons was conducted when the effect of orientation was further investigated. The significance level was set at 0.05 for the overall ANOVA and at 0.05/4 ϭ 0.0125 for the multiple comparisons.
Results
CYCLING FREQUENCY. Cycling frequency was highly consistent during slow movements across the two arms and the four oval orientations (1.42 Ϯ 0.01 Hz). There were small differences among the oval orientations during fast movements: i.e., the parasagittal orientation was characterized by the lowest frequency (2.17 Ϯ 0.04 Hz) and frequency during the insidediagonal orientation (2.28 Ϯ 0.05 Hz) was lower than that during the mediolateral (2.38 Ϯ 0.04 Hz) and outside-diagonal (2.41 Ϯ 0.03 Hz) orientations.
BIMANUAL COORDINATION. The mean value of relative phase AE across all conditions was 9.2 Ϯ 1.1°. The frequency effect was not significant. However, the main orientation effect and orientation ϫ frequency interaction were significant [F(3,36) ϭ 3.3, P Ͻ 0.05 and F(3,36) ϭ 3.5, P Ͻ 0.05, respectively]. Post hoc testing did not reveal significant differences across the orientations. The higher frequency caused some increases in relative phase AE for the parasagittal and inside-diagonal ovals but not for the mediolateral and outside-diagonal ovals. The mean value of relative phase SD was 4.8 Ϯ 0.6°. For this characteristic, only the orientation ϫ frequency interaction was significant [F(3,36) ϭ 4.2, P Ͻ 0.05]. Increases in frequency caused increases in relative phase SD only for the parasagittal ovals.
DOMINANT AND NONDOMINANT ARM TRAJECTORIES. Visual inspection demonstrated that movement trajectories differed between the two arms and these differences became more apparent with increases in movement speed. This trend is observed in Fig. 6 , showing a representative example of trajectories during fast movements. The trajectory differences between the arms were quantified by computing the aspect ratio (Fig. 7) . All three main effects as well the orientation ϫ frequency and arm ϫ frequency interactions were significant (Table 3) . Aspect ratio was consistently higher in the nondominant arm than that in the dominant arm, confirming differences in produced trajectories. Frequency increases caused increases in the aspect ratio, but this effect was more pronounced in the nondominant arm than that in the dominant arm. In addition, the aspect ratio varied across orientations. Post hoc testing revealed that it was higher during the mediolateral and outside-diagonal orientations compared with the other orientations (P Ͻ 0.01 in all cases). Figure 7 shows that the mediolateral and outsidediagonal orientations were also characterized by specifically high increases in the aspect ratio in response to increases in frequency.
MUS INDEX. Mean values of the shoulder and elbow MUS indices are shown in Fig. 8 . The shoulder MUS index was close to 1.0 (Fig. 8A) , which indicates that INT was largely suppressed by MUS at this joint. However, the INT suppression was not equally successful across the orientations, as was confirmed by a significant orientation effect (Table  3) . Post hoc testing revealed that the shoulder MUS index was lower for the mediolateral and outside-diagonal orientations compared with the other two orientations (P Ͻ 0.01 in all cases). Furthermore, the arm ϫ frequency and orientation ϫ frequency interactions were significant. Increases in frequency caused decreases in the shoulder MUS index and this effect was more prominent in the nondominant arm than that in the dominant arm, but only for the mediolateral and outside-diagonal orientations.
The elbow MUS index was substantially Ͻ1.0 for all orientations. This result demonstrated that INT substantially contributed to the generation of elbow motion. However, this contribution varied across the oval orientations, as was revealed by a significant orientation effect (Table 3) . Post hoc testing clarified that the index was lower-and thus the MUS contribution was higher-for the mediolateral and outsidediagonal than that for the remaining two orientations (P Ͻ 0.005 for all cases). The orientation ϫ arm interaction was also significant. Figure 8 shows that the MUS contribution was higher in the nondominant arm than that in the dominant arm for the mediolateral and outside-diagonal orientations but not for the other two orientations.
Discussion
Similar to experiment 1, it was demonstrated that both arms tended to produce distinct shapes during bimanual mirrorsymmetrical drawing and this became more apparent with increases in movement speed. For each oval orientation, the nondominant arm produced more protruded ovals compared with the dominant arm.
Noteworthy, the differences in the trajectory shapes between the two arms varied across the four oval orientations. The aspect ratio increased in the nondominant arm to a greater extent when drawing the mediolateral and outside-diagonal ovals than the other two ovals. The MUS index analysis revealed that the mediolateral and outside-diagonal oval orientations, which were characterized by stronger distortions in the nondominant arm, also exhibited lower efficiency of INT utilization for movement control. Indeed, the values of the shoulder MUS index were close to 1.0 for all oval orientations, indicating that the role of the shoulder MUS was to suppress INT and to generate NET during all movements. The shoulder MUS index decreased in the nondominant arm (indicating that the INT suppression at the shoulder was less successful), specifically during faster movements, but only during drawing the mediolateral and outside-diagonal ovals and not the other ovals.
At the elbow, INT was exploited to generate joint motion for all ovals, complementing the MUS effort. However, the incorporation of INT in control varied across the oval orientations. The elbow MUS index was greater for the mediolateral and outside-diagonal ovals, showing that these orientations required greater MUS contribution than did the other two orientations. Thus the ovals for which the shape distortion produced by the nondominant arm was the greatest were also characterized by the most inefficient elbow control. This result supports the relation between the shape distortion in the nondominant arm and the demands of INT control. Furthermore, the same FIG. 7. Aspect ratio of the actual oval trajectories. Nondominant arm trajectories were characterized by higher aspect ratio than dominant arm trajectories, specifically during fast movements. These between-arm differences point to a tendency to produce distinct movements with the 2 arms. Also, oval deformations differed across oval orientations. The highest deviation of the aspect ratio from the target value of 2.0 was observed during drawing the mediolateral and outside-diagonal ovals. mediolateral and outside-diagonal ovals were characterized by greater elbow MUS index in the nondominant arm compared with the dominant arm. This result together with the decreased shoulder MUS index in the nondominant arm for these ovals is consistent with the hypothesis that the shape deformation was associated with the deficient control of intersegmental dynamics in the nondominant arm.
G E N E R A L D I S C U S S I O N

Two distinct tendencies in coordinative stability of bimanual movements
Results of the present study revealed two opposite tendencies in stability of bimanual movements. The first tendency was to shift to symmetrical coordination when nonsymmetrical coordination was required, i.e., during performance of the asymmetrical mode of circle drawing in experiment 1. This tendency is well known, having been a dominant focus of bimanual movement research (Franz 1997; Kelso 1984; Lee et al. 1995; Peper and Beek 1999; Riek et al. 1992; Sherwood 1994; Swinnen 2002 ). Similar to many previous studies, this tendency was manifested by higher stability (lower AE and SD of relative phase) of the symmetrical mode compared with the asymmetrical mode, a difference that became more apparent with increases in movement speed.
The second tendency was surprising because it has not been established in previous research of bimanual movements. Both experiments revealed destabilization of symmetrical coordination with increases in movement speed. This destabilization was not a result of unspecific increases in movement variability in each arm associated with high movement speed. Rather, it emerged due to a trend of the two arms to produce different movements. This was revealed by the aspect ratio analyses, which demonstrated that in contrast to the dominant arm, the nondominant arm changed the shape of movement trajectory and these changes increased with increases in movement speed and in the asymmetrical mode of coordination. The results for shoulder and elbow muscle torque (MUS) indices suggested that the differences between the arms' trajectories were associated with inefficient control of the interaction torque (INT) effect in the nondominant arm. Previous research revealed that inefficient intersegmental coordination, including INT control, in the nondominant arm causes trajectory differences between both arms during unimanual performance of identical tasks (Sainburg 2005; Sainburg and Kalakanis 2000) . The present results extend these findings to bimanual movements, revealing even more pronounced arm differences than those during unimanual movements.
Two tendencies point to the hierarchical organization of bimanual movement control
The major control principle proposed to account for the tendency toward mirror symmetry during bimanual movements is simultaneous activation of homologous muscles (Byblow et al. 1999; Kelso 1984; Peper and Beek 1999; Riek et al. 1992; Serrien and Swinnen 1998; Swinnen et al. 1995 Swinnen et al. , 1998 . This principle implies that the organization of neural circuits simultaneously supports propagation of control commands to homologous muscles of both limbs, thus facilitating performance of symmetrical movements. Performance of nonsymmetrical movements is less stable because it requires additional effort for inhibition of the "default" activation of homologous muscles. If this principle is correct and identical control commands are sent to bilateral muscles during symmetrical coordination, then the interarm differences revealed in our experiments should be attributed to peripheral differences between the dominant and nondominant arms (such as differences in muscle strength and in length and inertia of limb segments). Differences between the arms were observed during drawing the mediolateral and outside-diagonal ovals. For these oval orientations, the index tended to decrease at the shoulder and to increase at the elbow with increases in movement speed. These changes were consistent with the significantly increased elbow MUS index, i.e., a larger contribution of MUS to INT control during drawing ovals with mediolateral and outside-diagonal orientations compared with the other 2 orientations.
Although peripheral factors may contribute to mirror-symmetry violations, they are not sufficient to fully account for the obtained experimental results. For instance, they do not account for the result of experiment 1 that the interarm differences were greater in the nonsymmetrical compared with symmetrical coordination pattern because the task for the nondominant arm was the same in both patterns. Also, there are a number of observations with respect to unimanual performance of the same task by the dominant and nondominant arms that cannot be accounted for by reliance on peripheral factors. First, if differences in INT control were due to distinct peripheral properties of the arms, electromyographic (EMG) activity would be similar in homologous muscles. However, Bagesteiro and Sainburg (2002) found substantial interarm differences in EMG patterns that corresponded to MUS differences. Second, by comparing responses of the two arms to unexpected changes in inertial load, Bagesteiro and Sainburg (2003) demonstrated a greater reliance of the dominant arm compared with the nondominant arm on feedforward control mechanisms, which are crucial for regulation of the INT effect (Goble et al. 2007; Gribble and Ostry 1999; Koshland et al. 2000) . Third, Duff and Sainburg (2007) and Schabowsky et al. (2007) reported substantially less efficient feedforward adaptation to altered intersegmental dynamics of the nondominant arm compared with the dominant arm. These findings show that the two arms differ in terms of neural control, which results in the distinct muscular control at the joints.
The neural origins of the differences in joint control between the dominant arm and the nondominant arm suggest that the simplified interpretation of bimanual control offered by the muscle homology principle is not sufficient to account for the destabilization of the symmetrical coordination patterns observed in our experiments. The two distinct tendencies in stability of bimanual coordination revealed here rather point to a hierarchical organization of bimanual movements in which control of the two arms is coupled at some levels and decoupled at other levels. A similar hypothesis was formulated by Swinnen et al. (2001) to account for their observation that force perturbations applied to one arm did not produce any effect on motion of the other arm during bimanual movements. They suggested that bimanual interference takes place at higher levels of control, including specification of kinematic characteristics of movements, whereas control at lower levels, including specification of muscle force, is largely independent between the two arms. This hypothesis is consistent with the finding of the present study that generation of MUS is decoupled. The decreased stability of the asymmetrical coordination pattern can then be attributed to bilateral interference during the encoding of distinct kinematics for the two arms.
The hypothesis that specification of movement kinematics is subject to bimanual interference and that the generation of muscle force is independent between the two arms is also consistent with a number of previous observations. For instance, similar to Swinnen et al. (2001) , Murrain et al. (2008) reported that application of resistive force to one arm did not cause destabilization of bimanual pronation-supination movements. Diedrichsen (2007) showed that unexpected force perturbation applied to one arm resulted in movement correction only in the perturbed arm, whereas motion of the unperturbed arm was independent. Similarly, Mutha and Sainburg (2009) reported reflex responses to unexpected force pulse in the perturbed but not in the nonperturbed arm when visual feedback was provided independently for each arm. Tcheang et al. (2007) demonstrated that application of a force field to one arm did not influence simultaneous learning of a force field applied to the other arm. Consistent with our hypothesis (albeit via a different experimental route), these studies demonstrate that, in the presence of distinct force perturbations applied to the arms during bimanual movements, there is a tendency to maintain mirror symmetry in movement kinematics and this is achieved by dissociated force control in the two arms.
The hypothesis is also supported by findings obtained with the application of muscle tendon vibration during bimanual tasks (Bullen and Brunt 1986; Steyvers et al. 2001; Verschueren et al. 1999 ). Applied to one of the arms during symmetrical bimanual tasks, vibration changed motion (and thus muscular control) of the vibrated but not of the nonvibrated arm. The changes compensated for seemingly increased extension of the joint spanned by the vibrated muscle, a proprioceptive illusion caused by vibration (Cordo et al. 1995) . Thus bimanual coordination was more driven by similarity of perceived movement kinematics than by similarity of muscle activation patterns. Coupling driven by visually perceived movement characteristics has also been demonstrated. An example is spatial interference that reflects a preference for synchronized movements of both arms in the same direction (Franz 1997; Sherwood 1991; Swinnen et al. 1997 Swinnen et al. , 1998 . In the case of complex patterns of nonsymmetrical bimanual movements, augmented visual feedback that simplifies information about coordination of arm kinematics may substantially facilitate performance (Lee et al. 1995; Mechsner et al. 2001; Swinnen et al. 1997) . FIG. 9 . A model of control of bimanual movements proposed to summarize results of this and previous studies. The model highlights 2 levels in the controller of each arm, the upper level at which kinematics are encoded and the lower level at which muscular control is specified. Interference between the 2 controllers emerges due to hemisphere cross talk at the upper level of kinematics encoding. No interarm interference occurs at the lower level of the transformation of the kinematic plans into motor commands to the muscles of each arm. D and ND signify the dominant and nondominant arms, respectively. The differential thickness of the arrows depicting hemisphere cross talk emphasizes the stronger influence of the dominant on nondominant controller than of the nondominant on dominant controller, discussed in the text.
A model of hierarchical control of bimanual movements
The above-cited considerations provide strong support for the hypothesis that control of bimanual movements is organized hierarchically. Interference between the two arms emerges at the higher levels of control responsible for encoding and coordination of arm kinematics (i.e., spatial and temporal characteristics of arm's actions) where a unified control strategy is preferred. At the lower levels responsible for specification of muscular control that implements the planned actions, control processes are independent between the two arms. Figure 9 presents a model of bimanual movement control. The hierarchical organization of control is represented by two levels of control for each arm-i.e., the upper level of kinematics encoding that is subject to interactions between the two arms and the lower level of muscle force generation that is independent from the other arm.
It has been suggested that bimanual interference emerges as a result of cross talk between the two hemispheres (Brinkman and Kuypers 1972; Heuer et al. 1998; Marteniuk et al. 1984; Serrien 2008; Swinnen et al. 1988) . Evidence that transitions from nonstable to stable coordination are usually initiated by the nondominant arm suggests that hemispheric interactions may be asymmetric with the influence of the dominant on nondominant hemisphere being stronger than vice versa (Serrien et al. 2003; Walter and Swinnen 1990) . This asymmetry is shown in Fig. 9 by the different thickness of the two arrows depicting the hemisphere cross talk during kinematics encoding at the upper level of control. Studies of hemispheric activity during bimanual movements suggest that this asymmetry is the highest during performance of mirror-symmetrical coordination during which the involvement of the nondominant hemisphere is markedly lower than that during nonsymmetrical coordination (Aramaki et al. 2006; Serrien 2008; Serrien et al. 2003) . Since motions of the two arms are identical in this case, a single kinematic plan may be generated in the dominant hemisphere and then used for control of both arms. The involvement of the nondominant hemisphere increases during nonsymmetrical patterns because kinematics must be specified separately for each arm.
The need to simultaneously process and coordinate distinct time courses of kinematics of the two arms may be the reason for instability and loss of coordination. Medical imaging studies have shown that performance of bimanual joystick movements that differ in amplitude and/or directional specifications are associated with recruitment of additional neural resources (Wenderoth et al. 2004 . More specifically, it has been observed that amplitude and directional interference both result in activation of a bilateral superior parietal-premotor network, which is known to contribute to sensorimotor transformations during goal-directed movements. Practice results in a reduction of behavioral interference and this is associated with a decrease in neural recruitment or neural cost (Puttemans et al. 2005) . Apparently, the goal for the performer during practice is to integrate the two distinct kinematic plans into a single, "bimanual" plan that includes a sequence of events for both the right and left arms.
One is prompted to ask what movement characteristics are being encoded at the different levels of control, with more coupling being evident at the higher than that at the lower levels? Bimanual research has emphasized interference in terms of movement timing (synchronization of movement initiation and termination; Peper et al. 1995; Summers et al. 1993) , direction (the preference for similar movement direction in intrinsic or extrinsic space; Swinnen et al. 2001; Wenderoth et al. 2004) , and amplitude (assimilation of movement size; Heuer et al. 1998; Sherwood 1991 Sherwood , 1994 . All these characteristics may be classified as specifying "what to do" and are vulnerable to potential interlimb interference. Characteristics encoding muscle force and muscle activation patterns specify "how to do it" and appear to be uncoupled. However, further research is necessary to clearly distinguish the coupled and uncoupled levels of control of bimanual movements. 
